Tyrosine kinases and phosphatases are abundant in the nervous system, where they signal cellular differentiation, mediate the responses to growth factors, and direct neurite outgrowth during development. Tyrosine phosphorylation can also alter ion channel activity, but its physiological significance remains unclear. In an identified leech mechanosensory neuron, the ubiquitous neuromodulator serotonin increases the activity of a cation channel by activating protein kinase C (PKC), resulting in membrane depolarization and modulation of the receptive field properties. We observed that the effects on isolated neurons and channels were blocked by inhibiting tyrosine phosphatases. Serotonergic stimulation of PKC thus activates a tyrosine phosphatase activity associated with the channels, which reverses their constitutive inhibition by tyrosine phosphorylation, representing a novel form of neuromodulation.
Regulation of ion channel activity by protein phosphorylation is a common mechanism of neuromodulation of transmitter-activated and voltage-gated ion channels (Kaczmarek and Levitan, 1987) . The best characterized actions are those of the serine/threonine kinases activated by calcium or cyclic nucleotides, whose transient effects are terminated by dephosphorylation by protein phosphatases. More recently, tyrosine phosphorylation has been observed for various ligand-gated channels (Hopfield et al., 1988; Wang and Salter, 1994; Moss et al., 1995; Valenzuela et al., 1995) and voltagegated channels (Huang et al., 1993; Wilson and Kaczmarek, 1993; Lev et al., 1995; Holmes et al., 1996a,b; Jonas et al., 1996) and can alter channel activity and synaptic transmission (Llinas et al., 1997) , but the physiological significance of this process is unproven. To examine the physiological role of tyrosine phosphorylation in modulating ion channels, we have been characterizing the properties of channels in identified neurons that are modulated by serotonin [5-hydroxytryptamine (5-HT)].
5-H T is a modulator of neurons in a wide variety of species (Peroutka, 1993; Martin and Humphrey, 1994) . We have shown that 5-H T modulates the receptive field properties of identified mechanosensory neurons of the leech (Mar and Drapeau, 1996) . When these cells are isolated in culture, 5-H T retains its neuromodulatory effect, permitting a detailed analysis of the signal transduction pathway. In pressure-sensitive (P) neurons, 5-HT binding to a 5-H T 2 receptor activates protein kinase C (PKC) (Sanchez-Armass et al., 1991) , as in mammalian neurons (Peroutka, 1993; Martin and Humphrey, 1994) , which then increases the activity of a cation channel (Drapeau, 1990; Drapeau, 1992, 1993) . The channels are also activated when tyrosine phosphorylation is reversed by exposing intact P cells to inhibitors of tyrosine kinases or by treating isolated membrane patches with a catalytically active tyrosine phosphatase (Aniksztejn et al., 1997) .
These observations suggest a constitutive suppression of channel activity by tyrosine phosphorylation. We tested for an interaction between PKC and tyrosine dephosphorylation during serotonergic modulation by treating cultured P cells or isolated membrane patches with vanadate, an inhibitor of tyrosine phosphatases (Swarup et al., 1982) , before activating the channels with 5-HT, phorbol myristate acetate (PMA) (a membrane-permeant activator of PKC), or directly with PKC. In all cases the effects of the modulators were blocked, indicating that reversal of constitutive tyrosine phosphorylation underlies neuromodulation of the cation channels.
MATERIALS AND METHODS
P cells were isolated from Hirudo medicinalis and cultured as described previously (Dietzel et al., 1986) . Because 5-H T activates both chloride and cation conductances in the P cell (Sanchez-Armass et al., 1991) , the latter was isolated during intracellular recordings by blocking potassium channels with 10 mM diaminopyridine and by replacing external chloride with sulfate in the recording solution (C atarsi et al., 1995) , which contained 130 mM Na 2 SO 4 , 4 mM K 2 SO 4 , 5 mM MgSO 4 , 10 mM 3,4-diaminopyridine, 10 mM glucose, and 10 mM H EPES, pH 7.4, adjusted to 330 mOsm. In some experiments, chloride was replaced with gluconate, which gave similar responses to 5-H T and enhanced cell survival. Intracellular microelectrodes were filled with 4 M potassium acetate and had resistances of 40 -50 M⍀. 5-H T was applied by pressure ejection (15 psi) from a pipette with a tip opening of 5 m. Sodium pervanadate was prepared freshly by mixing 1 part 500 mM H 2 O 2 with 50 parts 10 mM sodium orthovanadate dissolved in saline; the solution was incubated for 15 min at room temperature to reduce H 2 O 2 (Wallace, 1995) . The mixture was then added at a final concentration of 100 M 1 hr before the recordings were started.
C ell-attached recordings of cation channels were obtained as described previously (Drapeau, 1990; C atarsi and Drapeau, 1993) . Briefly, cellattached patches were formed using 5-10 M⍀ electrodes filled with the same solution used to bathe the cells: 155 mM NaC l, 5 mM KC l, 1 mM MgC l 2 , 1 mM CaCl 2 , 10 mM glucose, and 10 mM H EPES, pH 7.4, adjusted to 330 mOsm. PM A or genistein (LC Services Corp.) were diluted 2000-or 1000-fold, respectively, from a stock solution made in DMSO to yield a final concentration of 0.5 or 30 M, respectively. This diluted DMSO concentration had no effect on the cellular properties. Recordings were filtered at 1 kHz (Ϫ3 dB), digitized at 10 kHz, and stored for later analysis using pC lamp software (Axon Instruments, Foster C ity, CA).
Inside-out recordings were obtained as described previously (C atarsi and Drapeau, 1992, 1993) and differed from the procedure described above for cell-attached patches in that 1.5 mM EGTA was added to the solutions to reduce the free calcium concentration and facilitate patch excision. Rat brain PKC (Terochem Laboratories) was added at a final concentration of 1 pU/l in the presence of 1 mM ATP and 0.1 M PM A. Truncated CD45 T-cell protein tyrosine phosphatase (P TPase) was a gift from Dr. E. H. Fischer (University of Washington, Seattle, WA) and was added at a final concentration of 50 nM.
RESULTS
As a measure of its macroscopic effect, 5-HT (1 mM) was applied briefly (for 100 msec) onto P cells in culture while the membrane potential was recorded with an intracellular microelectrode. As shown in Figure 1 A,B, this resulted in a prolonged depolarization (lasting several seconds) of the P cells (peak depolarization of 3.1 mV Ϯ 0.5; n ϭ 14). When the P cells were exposed to sodium pervanadate (100 M), a membrane-permeant form of vanadate, before testing the response to 5-HT, this resulted in a significant suppression of the depolarization (0.4 mV Ϯ 0.2; n ϭ 12; p Ͻ 0.001 by ANOVA) (Fig. 1 A,B) . Pervanadate applied alone did not affect the physiological properties of the P cells (Aniksztejn et al., 1997) .
Our previous work has shown that the depolarizing response to 5-H T is attributable to activation of cation channels by PKC, which increases the frequency of channel openings without affecting the mean open time or current amplitude (Drapeau, 1990; Catarsi and Drapeau, 1992) . The channels are easily recognized during patch-clamp recordings because of their characteristic properties, which include spontaneous (frequency of ϳ1 Hz), brief (duration of ϳ1 msec), and large channel openings (conductance of 60 pS) at the resting membrane potential (Ϫ50 mV) in the absence of 5-HT. We therefore examined whether pervanadate could inhibit the activation of cation channels. In cellattached recordings, activation of endogenous PKC by PMA (0.5 M) increased channel activity (3.6 Ϯ 0.8-fold increase; n ϭ 14); the mean open time and current amplitude were unaffected (Fig.  2 A,C) , as reported previously (Drapeau, 1990; Catarsi and Drapeau, 1993) . Because the patches had more than one channel, we could not determine accurately the close times, which were expected to be reduced to account for the increased rate of channel openings that we observed. When the P cells were exposed to pervanadate before application of PMA, the latter resulted in a small stimulation of channel activity (1.6 Ϯ 0.3-fold increase; n ϭ 14) (Fig. 2 B,C) . This effect was significantly lower than in the absence of pervanadate ( p ϭ 0.02), and the mean open time and current amplitude were unaffected. Application of pervanadate alone had no effect ( p ϭ 0.2) on channel activity (1.2 Ϯ 0.2; n ϭ 7) (Fig. 2C) .
To examine whether inhibition of tyrosine phosphatases could suppress PKC modulation of cation channels isolated from P cells, we excised membrane patches in the inside-out configuration. When patches were held at a potential of 50 mV (i.e., Ϫ50 mV in the pipette) and PKC was added to the bathing solution, channel activity increased (4.6 Ϯ 0.8-fold increase; n ϭ 10); the mean open time and current amplitude were unaffected (Fig.  3A,C) , as reported previously (C atarsi and Drapeau, 1992) . When the patches were exposed to orthovanadate before the addition of PKC (Fig. 3B,C) , no increase in channel activity was observed (1.1 Ϯ 0.3-fold increase; n ϭ 8); this result was significantly different from the one observed with PKC in the absence of orthovanadate ( p Ͻ 0.001). E xposure of patches to orthovanadate alone (0.9 Ϯ 0.3-fold effect; n ϭ 8) (Fig. 3C ) or exposure to orthovanadate after pretreating P cells with PM A (1.1 Ϯ 0.2; n ϭ 5) (Fig. 4 B,C) had no significant effect on channel activity.
We next examined whether PKC and tyrosine phosphatase activities had additive effects or acted sequentially, i.e., with PKC activating a tyrosine phosphatase. As shown previously (Aniksztejn et al., 1997), exposing inside-out patches to a recombinant, catalytically active fragment of the CD45 T-cell PTPase (Zander et al., 1991) resulted in a 10.3 Ϯ 3.6-fold increase in channel activity. In contrast, inside-out patches excised from P cells treated with PMA were not activated further by the addition of PTPase (1.4 Ϯ 0.6-fold effect; n ϭ 5) (Fig. 4 A,C) . This effect was significantly lower than that obtained with PTPase alone ( p Ͻ 0.04), suggesting a lack of additive effects. As an alternative, we pretreated P cells with the tyrosine kinase inhibitor genistein (Akiyama et al., 1987) , because this should result in a progressive dephosphorylation by endogenous tyrosine phosphatases, previously shown to increase channel activity (Aniksztejn et al., 1997) . After treatment with genistein, PMA failed to increase channel activity (Fig. 4C) (1.0 Ϯ 0.1-fold effect; n ϭ 4), a result significantly different from that obtained with PMA alone ( p Ͻ 0.05) and consistent with a lack of additive effects. Taken together, these results suggest that PKC activates a tyrosine phosphatase Figure 2 . Effect of pervanadate on PM A activation of cation channels in cell-attached patches. A, Current traces (20 sec) of cation channel activity at the resting potential in a cell-attached patch before (lef t) and after (right) application of 0.5 M PM A (indicated by the arrow). Note that PMA increased the number of channel openings. The current amplitude, probability of channel opening (P o ), and mean open times (MOTs) were Ϫ2.1 pA, 0.0006 and 0.89 msec before, and Ϫ1.9 pA, 0.0034 and 0.89 msec after addition of PM A. B, Current recordings (20 sec) in the presence of 100 M pervanadate before (left) and after (right) the application of PM A. Note that in contrast to the traces depicted in A, PM A no longer increased channel activity. The values for the current amplitude, P o , and MOT were Ϫ2.8 pA, 0.0013 and 0.75 msec before, and Ϫ2.8 pA, 0.0009 and 0.70 msec after addition of PMA. C, Histogram summarizing the ratio of P o after relative to before (P o /P o control ) treatments with PM A (lef t), PM A in pervanadate (middle), and pervanadate alone (right). The dashed line indicates the basal activity level. activity sequentially, rather than having independent, additive effects on the channels.
DISCUSSION
Our results show that the stimulation of cation channels by 5-HT, or by its intracellular mediator PKC, is blocked when tyrosine phosphatases are inhibited, suggesting that reversal of constitutive tyrosine phosphorylation increases the activity of these channels (Fig. 5) . Because this is also true for channels in isolated membrane patches, the simplest interpretation is that a tyrosine phosphatase is closely associated with the channels in the patch and is activated by PKC, as has been shown for some tyrosine phosphatases (Z or et al., 1993; K iyomoto et al., 1994) . This conclusion is supported by the lack of evidence for additive effects of PKC and tyrosine phosphatase. An alternative possibility is that PKC may inhibit a tyrosine kinase, but this is unlikely because we have shown that inhibitors of tyrosine kinases have no effect on the responses to 5-H T (Ching et al., 1993) and PMA . No "run-up" of activity was observed with inside-out patches in the absence of ATP (Catarsi and Drapeau, 1992; Aniksztejn et al., 1997) , indicating that the phosphatase activity is inactive at rest. Neuromodulation by 5-HT is thus likely attributable to PKC activation of an otherwise inactive tyrosine phosphatase that then dephosphorylates the cation channels with which it is intimately associated. Interestingly, the mode of gating of a cation channel in Aplysia bag cells is switched to a higher activity pattern by a tyrosine phosphatase that is regulated by a serine/threonine kinase within membrane patches, suggesting a close association between the phosphatase and the channel (Wilson and Kaczmarek, 1993) . Our results suggest that the regulation of channel-associated tyrosine phosphatases may be a final step in the signaling cascades of serine/ threonine kinases during neuromodulation. In contrast to signaling by transient serine/threonine phosphorylation of target molecules, transient tyrosine dephosphorylation may signal neuromodulation.
Tyrosine phosphorylation is emerging as an important signal not only for early events during cellular differentiation (Cantley et al., 1991; Greenwald and Rubin, 1992) but also for neuronal Figure 3 . Effect of orthovanadate on PKC activation of cation channels in inside-out patches. A, Current traces (20 sec) of cation channel activity at 50 mV (i.e., Ϫ50 mV in the pipette) in an inside-out patch before (lef t) and after (right) application of PKC (indicated by the arrow). Note that PKC increased the number of channel openings. The values for current amplitude, P o , and MOT were 2.2 pA, 0.0025 and 1.46 msec before, and 1.9 pA, 0.0126 and 1.17 msec after addition of PM A. B, Current recordings (20 sec) in the presence of 100 M orthovanadate before (lef t) and after (right) the application of PMA. Note that in contrast to the traces depicted in A, PKC no longer increased channel activity. The values for current amplitude, P o , and MOT were 2.6 pA, 0.0077 and 1.71 msec before, and 2.6 pA, 0.0078 and 1.71 msec after addition of PM A. C, Histogram summarizing the ratio of P o after relative to before (P o /P o control ) treatments with PKC (lef t), PKC in orthovanadate (middle), and orthovanadate alone (right). plasticity in the mature nervous system. Tyrosine kinases prevent rundown of the NMDA class of glutamate receptors (Wang and Salter, 1994) , which are the major tyrosine phosphorylated proteins in postsynaptic densities in the mammalian brain (Moon et al., 1994) . Furthermore, pharmacological inhibition (O'Dell et al., 1991) or genetic deletion of tyrosine kinases (Grant et al., 1992) alters long-term potentiation in the hippocampus, a process requiring activation of NMDA receptors. In contrast to tyrosine kinases, the roles of tyrosine phosphatases are not well defined , but they are expected to be crucial for regulating the phosphorylation of ion channels during neuronal signaling and development and may be important for signal transduction in general. Under resting conditions, cation channels are constitutively tyrosine phosphorylated. 5-HT stimulates PKC, which in turn activates a protein tyrosine phosphatase (PTPase) closely associated with the channels, resulting in their dephosphorylation and increased activity.
